The lactocrine hypothesis for maternal programming of neonatal development was proposed to describe a mechanism through which milk-borne bioactive factors, delivered from mother to nursing offspring, could affect development of tissues, including the uterus. Porcine uterine development, initiated before birth, is completed postnatally. However, age-and lactocrine-sensitive elements of the neonatal porcine uterine developmental program are undefined. Here, effects of age and nursing on the uterine transcriptome for 48 h from birth (Postnatal Day [PND] ¼ 0) were identified using RNA sequencing (RNAseq). Uterine tissues were obtained from neonatal gilts (n ¼ 4 per group) within 1 h of birth and before feeding (PND 0), or 48 h after nursing ad libitum (PND 2N) or feeding a commercial milk replacer (PND 2R). RNAseq analysis revealed differentially expressed genes (DEGs) associated with both age (PND 2N vs. PND 0; 3283 DEGs) and nursing on PND 2 (PND 2N vs PND 2R; 896 DEGs). Expression of selected uterine genes was validated using quantitative real-time PCR. Bioinformatic analyses revealed multiple biological processes enriched in response to both age and nursing, including cell adhesion, morphogenesis, and cellcell signaling. Age-sensitive pathways also included estrogen receptor-alpha and hedgehog signaling cascades. Lactocrinesensitive processes in nursed gilts included those involved in response to wounding, the plasminogen activator network and coagulation. Overall, RNAseq analysis revealed comprehensive age-and nursing-related transcriptomic differences in the neonatal porcine uterus and identified novel pathways and biological processes regulating uterine development.
INTRODUCTION
Developmentally, the mammalian uterus is incomplete at birth [1] . Morphogenesis and cytodifferentiation of the neonatal uterus involve cellular interactions that are supported by and effect systematic, organizationally critical changes in uterine gene expression. These processes define the developmental program and establish a developmental trajectory for uterine tissues. Data for mice [2, 3] , as well as for domestic ungulates including sheep and cattle [4] [5] [6] [7] , provide compelling evidence that disruption of the neonatal uterine developmental program can alter developmental trajectory with lasting effects on uterine function and, ultimately, fecundity. Thus, 'the stage is set before the play begins' [8] .
Uterine development and histogenesis of the porcine uterine wall are well described [9] [10] [11] [12] . A series of studies involving the pig, designed to test the lactocrine hypothesis for maternal programming of uterine development [13, 14] , showed that (a) colostrum (first milk) is a conduit for delivery of milk-borne bioactive factors to nursing offspring [14] , (b) a window of opportunity for programming of neonatal uterine tissues is open in the first 2 days after birth (Postnatal Day [PND] 0) [15] , (c) gene expression associated with uterine growth and remodeling is altered by PND 2 in lactocrine-null gilts fed milk replacer in lieu of colostrum from birth [15] , and (d) disruption of lactocrine signaling for 2 days from birth alters patterns of endometrial development at both biochemical and histoarchitectural levels by PND 14 [15] . Further, results of a retrospective study involving 381 gilts for which PND 0 immunocrit [16] values were determined, and for which litter size (number of piglets born alive) was tracked, indicated that low PND 0 immunocrit, equivalent to minimal colostrum consumption at birth, was associated with reduced litter size through four parities [17] . Collectively, these data provide compelling support for the idea that lactocrine signaling shortly after birth affects both the developmental program and trajectory of porcine uterine tissues.
To date, efforts to define effects of age and lactocrine signaling on gene expression in the developing neonatal porcine uterus have focused on selected transcripts. Global analysis of neonatal porcine uterine gene expression has yet to be accomplished. Objectives of the present study were to identify effects of age and imposition of the lactocrine-null condition from birth to PND 2, a critical period for uterine development in the neonatal pig [13, 15, 18, 19] , on patterns of uterine gene expression as determined using RNA sequencing (RNAseq) technology.
Gilts (Sus scrofa domesticus) were born and raised from an established herd of crossbred (Duroc, Hampshire, Yorkshire, and Landrace genetics) pigs at the Swine Unit of the New Jersey Agricultural Experiment Station, Rutgers University. All procedures involving animals were reviewed and approved by the Rutgers Institutional Animal Care and Use Committee and conducted in accordance with the Guide for the Care and Use of Agricultural Animal in Agricultural Research and Teaching [20] . Care was taken to ensure that treatments were balanced for potential effects of litter (n ¼ 8) and that sows were nursing litters of similar size (12 pigs/litter).
The experimental design is illustrated in Figure 1 . At birth, gilts were randomly assigned to be 1) euthanized on PND 0, before nursing (n ¼ 4); 2) nursed ad libitum from birth through 48 h of age (PND 2N; n ¼ 4); or 3) gavage-fed a nutritionally complete, commercial pig milk replacer (30 ml/kg BW every 2 h; Advance Liqui-Wean; Milk Specialties Co.) for 48 h (PND 2R; n ¼ 4 [21] . Gilts were euthanized and uterine tissues collected either on PND 0 or at 50 h after birth. This allowed effects of neonatal age to be evaluated by comparing data from PND 2N or PND 2R with those for PND 0, and for effects of nursing to be evaluated by comparing data from PND 2N with those for PND 2R. Uteri were trimmed of associated connective tissues, and uterine wet weights (mg) were recorded. Uterine tissue samples were immersed in RNAlater (Life Technologies) and stored at À808C until used for RNA extraction.
Uterine RNA Isolation and Analysis
Total RNA was isolated from 50-60 mg of uterine tissue for each sample using the miRNAeasy Kit (Qiagen, Inc.) following the manufacturer's protocol. RNA quantity was determined using a Qubit 2.0 Fluorometer (Invitrogen), and RNA integrity was evaluated using an Agilent 2100 Bioanalyzer (Applied Biosystems). Samples with an RNA integrity number ! 8.0 were used for library preparation for RNAseq.
Preparation of Polyadenylated Selected cDNA Libraries
All RNAseq procedures were performed at the Genomic Services Laboratory (GSL), HudsonAlpha Institute for Biotechnology, as per the strategy illustrated in Figure 2 . Total RNA from each uterus (500 ng/sample) was used to isolate polyadenylated (polyA) RNA using NEBNext Magnetic Oligo d(T)25 Beads (New England BioLabs, Inc.). Immediately after polyA selection, RNA was fragmented and primed for first-strand synthesis using the NEBNext First Strand Synthesis Module. Second-strand synthesis was then performed using the NEBNext Second Strand Synthesis Module. Next, samples were taken into standard library preparation protocol using NEBNext DNA Library Prep Master Mix Set for Illumina with slight modifications. Briefly, end-repair was done, followed by A-addition and adapter ligation. Postligated materials were individually barcoded with unique in-house GSL primers and amplified through six PCR cycles using KAPA HiFi HotStart Ready Mix (Kapa Biosystems, Inc.). Library quantity was assessed by the Qubit 2.0 Fluorometer, and library quality was estimated using a DNA 1000 chip on the Agilent 2100 Bioanalyzer. Quantification of the final libraries for sequencing applications was accomplished using the quantitative (q) PCR-based KAPA Biosystems Library Quantification Kit. Each library was diluted to a final concentration of 12.5nM and pooled equimolar before clustering.
Sequencing, Alignment, and Data Analysis
Paired-end RNAseq, at over 90 million reads per sample, was performed using a TruSeq SBS KIT v3-HS (200 cycles) on a HiSeq2000 (Illumina, Inc.) following the manufacturer's protocol. Raw reads were demultiplexed using default settings on bcl2fastq conversion software v1.8.3 (Illumina, Inc.). Quality-control checks on raw sequencing data for each sample were performed using FastQC (Babraham Bioinformatics). Reads were mapped to the Sscrofa 10.2 build of the porcine genome (National Center for Biotechnology Information [NCBI]) using TopHat v1.4.0 [22] with default settings that allowed only two mismatches per read. Alignment metrics of mapped reads were estimated using SAMtools [23] . Aligned reads were imported onto the Avadis NGS data analysis platform (Strand NGS). Next, aligned reads were filtered based on read quality metrics such that reads with a base quality score of less than 30, alignment score of less than 95, and mapping quality of less then 40 were removed. Remaining reads were filtered based on read statistics, where missing mates, translocated reads, unaligned reads, and flipped reads were removed. The remaining read list was filtered to remove duplicates. Reads were grouped according to their respective identifiers (barcodes). Normalized gene expression was quantified using the trimmed mean of M-values method [24] . Differentially expressed genes (DEGs), based on fold change (! 62.0), were identified with respect to effects of neonatal age (PND 2N vs. PND 0 and PND 2R vs. PND 0) and nursing (PND 2N vs. PND 2R). Probability values for each DEG were estimated by z-score calculations using a false discovery rate correction of 0.05 [25] . Human orthologs of unannotated DEGs were identified using NCBI BLAST and a custom computer program written in Python (www. python.org) using NCBI modules within Biopython [26] . Data were subjected to principal component analysis to determine clustering patterns for effects of neonatal age and nursing. Volcano plots, used to illustrate up-and downregulated gene expression events, were generated for each comparison using R Programming (GNU General Public License; www.r-project.org).
Gene enrichment analyses were performed using 1) Database for Annotation, Visualization, and Integrated Discovery (DAVID) [27] ; 2) Kyoto Encyclopedia of Genes and Genomes (KEGG) [28] ; 3) Protein Analysis Through Evolutionary Relationships (Panther) [29] ; and 4) Reactome [30] . Finally, Ingenuity Pathway Analysis (IPA) software (www.qiagen.com/ ingenuity) was used for functional analysis and integration of information for targeted genes and related biological pathways (www.ingenuity.com).
Quantitative RT-PCR
The same RNA used to generate cDNA libraries for RNAseq was also used to validate RNAseq results by qPCR. Uterine RNA from individual animals was pooled to create PND 0 as well as PND 2N and PND 2R samples. Reverse transcription was performed using 100 ng of total RNA per sample, a Peltier Thermal Cycler-200 (Bio-Rad Laboratories, Inc.), and the SuperScript III FirstStrand Synthesis System (Life Technologies). Quantitative RT-PCR was performed using SYBR Green and universal thermal cycling parameters (40 cycles) indicated by the manufacturer on a StepOne Plus System (Applied Biosystems/Life Technologies). Primers were designed using Primer Quest software (Integrated DNA Technologies, Inc.) and synthesized by SigmaAldrich. Primer sequences (Supplemental Table S1 ; all supplemental tables are available online at www.biolreprod.org), directed to the porcine genome, were evaluated for quality by amplifying serial dilutions of the cDNA template. Control qPCR reactions included substitution of water only, in place of primers and template, to ensure specific amplification in all assays. Dissociation curves for primer sets were evaluated to ensure that no amplicon-dependent amplification occurred.
Data generated by qPCR were analyzed using the DDCT method as described by Applied Biosystems (ABI User Bulletin 2, 2001). In this protocol, C T values of both sample and calibrator were normalized to an endogenous FIG. 1. Experimental design. At birth (PND 0), gilts were randomly assigned to be 1) euthanized on PND 0, before nursing (n ¼ 4); 2) nursed ad libitum from birth through 48 h of age (PND 2N; n ¼ 4); or 3) gavagefed a commercial pig milk replacer (30 ml/kg BW every 2 h) for 48 h (PND 2R; n ¼ 4). Gilts were euthanized and uterine tissues collected either on PND 0 or at 50 h postnatal (PND 2). Effects of age were determined by comparing results from PND 2N versus PND 0 (solid arrows), whereas effects of nursing were determined by comparing results from PND 2N versus PND 2R (solid arrows). Relationships associated with tissues obtained at birth and on PND 2R (dashed arrow) were also evaluated. reference gene, in this case porcine cyclophilin A (PPIA), for which expression was unaffected by neonatal age or nursing. Amplification efficiencies for target genes were similar to those calculated for the reference gene, cyclophilin A. Nine uterine genes targeted for qPCR included those for which expression, based on RNAseq analysis, was either up-or down-regulated more than 2-fold or unchanged on PND 2 compared to PND 0 or in nursed versus replacer-fed gilts at PND 2. Genes chosen for qPCR analyses included glutamate receptor, ionotropic, N-methyl-D-aspartate (GRIN2C); matrix metalloproteinase 7 (MMP7); progesterone receptor (PGR); transmembrane receptor 126b (TMEM126B); fibrinogen gamma chain (FGG); insulin-like growth factor binding protein 5 (IGFBP5); follistatin (FST); interleukin 5 (IL5); and kalirin (KALRN). Pearson correlation coefficients were determined to compare gene expression fold-change results obtained by RNAseq and qPCR.
RESULTS

Effects of Age and Nursing on Neonatal Uterine Gene Expression
Principal component analysis showed that uterine RNAseq data for PND 0, PND 2N, and PND 2R groups clustered independently based on transcript expression profiles (Fig. 3a) . The Spearman correlation heat map for these data is also shown (Fig. 3b) . Results indicated unique uterine gene expression signatures associated with neonatal age (PND 2N vs. PND 0 and PND 2R vs. PND 0) and nursing (PND 2N vs. PND 2R). Volcano plots (Fig. 4 , a-c) illustrate results of expression analyses. Results indicated 3283 genes that were differentially expressed (!2-fold) on PND 2N when compared with PND 0 (P , 0.05) (Fig. 4a) . Expression was up-regulated for 737 genes and down-regulated for 2546 genes on PND 2N as compared to PND 0. When gilts were fed milk replacer for 2 days from birth, 4662 genes were differentially expressed (!2-fold) on PND 2R when compared with PND 0 (P , 0.05), including 1254 down-regulated and 3408 up-regulated (Fig.  4b) . Overall, 896 DEGs were identified in uteri of nursed (PND 2N) as compared to replacer-fed (PND 2R) gilts (Fig. 3c ). Of these 896 DEGs, expression was up-regulated for 605 and down-regulated for 291 genes in nursed versus replacer-fed gilts (Fig. 4c) . Results of qPCR analyses for nine targeted genes employed to validate RNAseq data are also shown ( A Venn diagram was generated to visualize the overlap of differential gene expression domains for a three-way comparison (Fig. 5 ). In all, 298 DEGs were common to each group. Upon considering DEGs in PND 2N versus PND 0, a total of 316 were uniquely expressed, 2552 were shared between PND 2R and PND 0, and 117 were common to PND 2N and PND 2R. Comparing DEGs in PND 2R versus PND 0 showed that 1470 were uniquely expressed and that 342 were shared with PND 2N versus PND 2R. Between nursed and replacer groups on PND 2, a total of 139 DEGs were uniquely expressed. Overall, analysis revealed common and uniquely expressed DEGs among the treatment comparisons.
Gene Enrichment Analyses
Gene enrichment and pathway analyses focused on the effects of age (PND 2N vs. PND 0) and nursing (PND 2N vs. PND 2R). Results for the age-related, replacer-fed comparison (PND 2R vs. PND 0) are presented in Supplementary Tables  S2 (DAVID analysis) and S3 (KEGG, Panther, and Reactome analyses).
Effects of neonatal age (PND 2N vs. PND 0). Table 1 presents selected results for DAVID functional annotation clustering, in which the top 20 enriched biological processes affected by age (PND 2N vs. PND 0) in neonatal porcine uteri are identified. Age-sensitive processes identified here included cell-cell signaling, cell adhesion, and cell morphogenesis. Pathways enriched in uteri of gilts at PND 2N versus PND 0 identified using KEGG, Panther, and Reactome analyses are shown in Table 2 . Pathways affected by age in neonatal porcine uteri included hedgehog signaling; apoptosis; signaling by PDGF, TGFb, VEGF, and endothelin; as well as angiogenesis.
Effects of nursing (PND 2N vs. PND 2R). Table 3 presents selected results for DAVID functional annotation clustering, in which the top 20 enriched biological processes affected by nursing (PND 2N vs. PND 2R) in neonatal porcine uteri are identified. Nursing-sensitive processes identified here included cell-cell adhesion, response to wounding, response to hypoxia, and cell-cell signaling. Pathways enriched in uteri of gilts at PND 2N versus PND 2R identified using KEGG, Panther, and Reactome analyses are shown in Table 4 . Pathways affected by nursing in neonatal porcine uteri included the complement and coagulation cascade, cytokine-cytokine receptor interaction, integrin cell surface interactions, and plasminogen activating cascade.
Network IPA Analyses of Age-and Nursing-Sensitive Biological Pathways
Results of IPA analyses are presented in Figures 6-8. Selected signaling pathways for ESR1 (Fig. 6) , hedgehog ( Fig.  7) , and the plasminogen activating network (Fig. 8) are associated with mechanisms regulating uterine development, and these were selected to illustrate effects of both age (Figs. 6a, 7a, and 8a) and nursing (Figs. 6b, 7b, and 8b) on specific elements of these organizationally important biological pathways. In these figures, pathway elements that were upregulated appear in red, down-regulated elements appear in green, and elements that were unchanged appear in white.
Analysis of age effects on the ESR1 signaling pathway (Fig.  6a) showed an increase (P , 0.05) in uterine ESR1 at PND 2N along with elevated TATA box binding protein-associated factor (TAF) and Dosage-Sensitive Sex Reversal-Adrenal Hypoplasia Congenital Critical Region on the X Chromosome, Gene 1 (DAX1). Genes for which expression was downregulated (P , 0.05) on PND 2N included progesterone receptor (PGR); MEK1/2, triiodothyronine receptor auxiliary protein (TRAP); transcription activator (BRG1; also known as ATP-dependent helicase SMARCA4); ACTR (also called AIB1 and SRC-3), identified as a coactivator for nuclear receptors; glutamate receptor interacting protein 1 (GRIP1); nuclear receptor corepressor 1 (NCOR1); and nuclear receptor corepressor 2 (NCOR2). On the other hand, nursing versus replacer feeding for 2 days from birth resulted in fewer DEGs and lower expression (P , 0.01) of uterine genes in the ESR1 signaling cascade, including triiodothyronine receptor auxiliary protein (TRAP/media), progesterone receptor (PGR), and histone H3 (Fig. 6b) .
Age-related effects on the hedgehog signaling pathway revealed that uterine expression of patched (PTCH) and the Gli family of transcription factors (GLI) was down-regulated (P , 0.001) in PND 2N as compared to PND 0 gilts (Fig. 7a) . Likewise, but to a lesser extent, nursing decreased uterine expression of PTCH (P , 0.001) when compared to replacerfed gilts (Fig. 7b) . Consistently, RNAseq analysis revealed that uterine Indian hedgehog (IHH) expression was reduced (P , 0.001) in nursed gilts when compared to gilts fed replacer for 2 days from birth.
Results of IPA for the plasminogen activating system indicated age effects (Fig. 8a ) associated with uterine RAHMAN ET AL. development by PND 2 in nursed gilts that included an increase in expression of fibrin; fibrinogen (FG); serine protease inhibitor, clade A, member 1 (SERPINA1); and coagulation cascade factor V (F5) and its activated form (F5a). Age-related decreases in uterine gene expression at PND 2N included plasmin, plasminogen (PLG), von Willebrand factor (vWF), and coagulation cascade factor VII (factor 7), factor XIII (F13; also referred to as fibrin stabilizing factor), and their activated forms. In terms of nursing-sensitive uterine transcripts, expression of genes involved in the plasminogen activating network was higher (P , 0.001) in nursed as compared to replacer-fed gilts (Fig. 8b) . These included plasmin, PLG, tissue-type plasminogen activator (PLAT), SERPINA1, fibrin, FG, vWF, F13, and F13a. In addition, in the MMP signaling pathway, MMP7 (23-fold change) and MMP9 (3-fold change) transcripts increased (P , 0.001) after 2 days of nursing from birth, whereas other genes in the pathway, including tissue inhibitor of metalloproteinases-4 (TIMP4) decreased (4-fold change, P , 0.001).
DISCUSSION
Mammalian uteri undergo organizationally critical developmental programming at molecular, cellular, and morphogenetic levels shortly after birth [1, 9, 31] . Targeted disruption of such events can have both short-and long-term consequences for uterine structure and/or function in species, including mice [2] , sheep [5, 6, 32, 33] , cattle [4, 5] , and pigs [18, 34, 35] . Results of these studies support the idea that organizational programming during early neonatal life determines the functional trajectory of adult uterine tissues. In the pig, disruption of lactocrine input for 2 days from birth altered patterns of uterine development at cellular and molecular levels on PND 2 and inhibited uterine gland genesis as observed on PND 14 [15] . Moreover, as predicted by the lactocrine hypothesis for maternal programming of female reproductive tract development [13] , neonatal gilts that consumed minimal amounts of colostrum at birth, as reflected by low serum immunocrit values [16] , displayed reduced litter size as adults [17] . Collectively, observations indicate that the first 2 days of neonatal life constitute a potentially critical period for establishment of the porcine uterine organizational program, and that disruption of this program can have lasting consequences [9, 13, 17] . The present study defined global dimensions of gene expression associated with normal and lactocrine-sensitive elements of the neonatal porcine uterine developmental program between birth and PND 2.
RNAseq and complementary technologies have redefined the breadth and depth of transcriptome analysis. From studies aimed at identification of the evolutionary dimensions of gene NEONATAL PORCINE UTERINE TRANSCRIPTOME networks regulating endometrial cell phenotype and the evolution of mammalian pregnancy [36, 37] to studies designed to define complex mechanisms regulating conceptus-endometrial interactions and establishment of pregnancy in domestic livestock [38] [39] [40] [41] [42] , RNAseq and enabling bioinformatic tools are providing new insights into regulatory and systems biology at every level. Before the present report, transcriptomic data specific to the porcine uterus were derived from efforts to define gene networks and related expression domains associated with maternal recognition and establishment of pregnancy [39, 40, [43] [44] [45] . The size of the domain of response to the condition of early pregnancy for porcine endometrium relative to the comparable nonpregnant control state was reported in the range of 1933 [39] to 2593 [40] differential gene expression events. This level of differential gene expression is similar in scale to that reported here for effects of age on the whole neonatal uterine transcriptome.
Details of the neonatal uterine developmental transcriptome are just beginning to emerge. In neonatal mouse uterine epithelium at PND 10, more than 80 genes were expressed differentially between glandular epithelium (GE) and luminal epithelium (LE), with the majority up-regulated in GE [46] . However, a number of genes were also coordinately expressed in both epithelial compartments. Results defined distinct genetic signatures for each neonatal uterine epithelial cell type. The lower number of DEGs identified for neonatal murine endometrial epithelium [46] reflects the cell compartmentspecific nature of that study, as compared to the whole uterine transcriptome approach described here. Such endometrial cell compartment-specific gene expression patterns remain to be defined for the neonatal pig.
Porcine uterine development, including cellular, molecular and comparative aspects of neonatal uterine histogenesis, has been reviewed elsewhere [1, 9, 47] . Organizational events associated with differentiation of infantile uterine mesenchyme into endometrial and myometrial tissues and development of endometrial histoarchitecture are completed postnatally in the pig. Genes expressed by uterine tissues from PND 0, PND 2N, and PND 2R clustered separately, indicating that each condition had a unique transcriptomic signature. Evidence of 3283 DEGs between PND 2 and birth in nursed gilts reflects the complex nature of uterine developmental programming during this period, which ultimately involves every cell compartment in the uterine wall. Taken together with evidence of GE differentiation, marked by localized ESR1 expression in nascent GE at 24 h postnatal [17] , as well as by cell compartment-specific cell proliferation in nascent GE by PND 2 [15] , it is reasonable to suggest that the uterine organizational program proceeds dynamically from birth. Porcine uterine development is ovary-independent before approximately PND 60 [9, 12] . Thus, elements of the agesensitive uterine transcriptome identified here may serve as markers and, potentially, mediators of ovary-independent uterine organizational processes and related mechanisms.
Acknowledging limits of sample size, the present results show that the size of the age-sensitive uterine transcriptomic response domain (PND 2N vs. PND 0), involving 3283 DEGs, was smaller than the response domain of 4662 DEGs identified in uteri obtained from gilts that received milk replacer from birth (PND 2R vs. PND 0). Not surprisingly, overlap in these response domains was identified. Still, 1470 DEGs were unique to the PND 2R/PND 0 domain, compared to 316 unique events in the PND 2N/PND 0 domain. The lactocrine-sensitive uterine transcriptome (PND 2N vs. PND 2R), involving 896 DEGs, was smaller than either of the age-related domains of response. Nevertheless, 139 DEGs were unique to the PND 2N/PND 2R domain. Overall, these data provide compelling evidence that neonatal age and imposition of the lactocrine-null state from birth has profound effects on the neonatal uterine transcriptome by PND 2, altering the developmental program that ultimately establishes tissue developmental trajectory [13] .
Several lines of evidence support the idea that maternally defined lactocrine conditions can affect patterns of development with lasting consequences. Included are data for rodents and primates indicating that maternally derived glucocorticoids, delivered in milk via a lactocrine mechanism, affect neurodevelopment and, ultimately, temperament in offspring [48] [49] [50] [51] [52] [53] . In mice, a maternal tumor necrosis factor (TNF)-a deficit, engineered into maternal hematopoietic cells or induced pharmacologically, reduced levels of specific milk chemokines [54] . Compared to pups nursing from dams with normal milk, pups that received milk with reduced chemokine levels displayed augmented postnatal hippocampal cell proliferation NEONATAL PORCINE UTERINE TRANSCRIPTOME and improved adult spatial memory. These observations, reinforced by complementary cross-fostering studies, were suggested to indicate a TNF-dependent lactocrine pathway that programs hippocampal development and memory postnatally [54] .
Results of functional annotation analyses performed using DAVID, KEGG, Panther, and Reactome databases revealed biological processes and enriched pathways associated with both age-sensitive (PND 2N vs. PND 0) (Tables 1 and 2 ) and lactocrine-sensitive (PND 2N vs. 2R) ( Tables 3 and 4) uterine organizational events. Interrogation of uterine transcriptomic data associated with normal age-sensitive development between birth and PND 2 in nursed gilts revealed a number of processes and associated pathways that might be expected to support development of the uterine wall during this period. Using DAVID, these biological processes were determined to include cell-cell signaling, cell and biological adhesion, cell morphogenesis, cell projection morphogenesis, and regulation of locomotion.
The importance of cell-cell interactions in radial patterning of the uterine wall is well recognized [1, 9, 47, 55] . Similarly, biological dynamics of cell adhesion affect the nature of cellcell and cell-matrix interactions that regulate events including tissue formation and wound healing [56] [57] [58] . Cell adhesion molecules, including cadherins, integrins, and others, are important for mechanochemical interactions that support transduction of signals between cells and also between cells and the extracellular matrix (ECM) [59] [60] [61] . It is largely through integration of cell-cell and cell-matrix interactions that tissue form evolves.
Results of the present study show that complex molecular events associated with uterine wall development between birth and PND 2 evolve quickly. Collectively, these events are setting the stage for differentiation and rapid proliferation of nascent endometrial glands and remodeling of the neonatal endometrium [9, 47] . Rearrangement of cells as required to establish or, in the case of wound healing, reestablish complex tissue histoarchitectures requires cell migration and locomotion [62] . Programmed cell migration is central to such processes and requires precise, spatially coordinated interactions between cells and their microenvironment [63] .
The list of biological processes and associated pathways determined to be lactocrine-sensitive, as reflected by results of DAVID and other bioinformatic analyses (Tables 3 and 4) , were similar, albeit not identical, to age-sensitive pathways. Notably, imposition of the lactocrine-null condition between birth and PND 2 affected processes including cell adhesion, cell-cell signaling, regulation of developmental processes, and cell surface receptor-linked signal transduction. Such effects on the porcine uterine developmental program are evident at the molecular level by PND 2, as shown here and documented earlier [15] . Moreover, effects of the lactocrine-null condition are clearly antiadenogenic by PND 14 [15] . These observations, taken together with data indicating that adult sows deprived of colostrum on their day of birth displayed reduced fecundity over four parities [17] , suggest that dysregulation of these and other processes identified here reflect changes in the developmental program that can have long-term consequences for reproductive performance later in life.
Network IPA identified elements of neonatal uterine signaling pathways that were age-and lactocrine-sensitive. A hallmark of porcine uterine development is the formation of endometrial glands that express ESR1 in nascent GE as early as PND 2 [15] . IPA indicating increased uterine ESR1 expression in gilts nursed for 2 days from birth is consistent with this observation. The observation that IPA showed no effect of nursing as compared to replacer feeding on uterine ESR1 expression at PND 2 may be explained, in part, by the fact that analyses performed here were not tissue compartment-specific but instead reflect events at the level of the whole uterine transcriptome. Tissue compartment-specific effects of nursing for 2 days from birth on uterine ESR1 expression were documented at PND 2 [15] .
The decrease in neonatal porcine uterine PGR expression from birth to PND 2 and in nursed as compared to replacer-fed gilts reported here is novel. The developing porcine uterus is exposed to placental progesterone in utero [64] and postnatally via progesterone delivered in colostrum [65] . Neonatal progestin exposure inhibited adenogenesis in sheep [32] and mice [2, 3] . Whereas progesterone down-regulates PGR in adult tissues [66] , whether colostrum-derived progesterone affects neonatal uterine PGR expression is unknown. However, in vitro [67] and in vivo [68] studies indicate that decreased epithelial PGR was linked to an increase in ESR1 expression. This supports the idea that alterations in uterine PGR/ESR1 expression facilitate GE differentiation and development [7, 33] .
The hedgehog (HH) gene family encodes signaling molecules important for growth and tissue-patterning. Mammalian HH proteins include Indian, Sonic, and Desert hedgehog (IHH, SHH, and DHH, respectively). These proteins bind to patched (PTCH), a cell surface receptor, and its coreceptor Smoothened (SMO) to initiate signaling. When PTCH is bound by HH ligand, signaling occurs through glioma-associated oncogene homolog transcription factors (GLI1, GLI2, and GLI3) [69] . Components of the HH pathway are expressed in uteri of prepubertal pigs [47] and rodents [70] . Consistently, the present results showed that transcripts for HH signaling molecules, including PTCH, HHIP, and GLI, are detectable in the neonatal porcine uterus at birth. Furthermore, IPA showed that uterine expression of these HH pathway molecules declines with age by PND 2 and is reduced in nursed as compared to replacer-fed gilts on PND 2. In the murine female reproductive tract, overexpression of HH signaling pathway molecules leads to abnormal uterine development and altered levels of HOXA13 and WNT5A mRNA [71] . Thus, alterations in HH signaling have consequences for FRT development.
Uterine wall development involves both cell proliferation and tissue remodeling. These processes are involved in responses to wounding, identified here by DAVID analyses as a biological process affected by age. ECM remodeling is regulated locally by the plasminogen activator (PA)/plasmin system and elements of this signaling cascade, MMPs, and tissue inhibitors of MMPs [72] . In the PA system, urokinase PA and tissue PA (PLAT) cleave plasminogen to plasmin, a process regulated by PA inhibitors (PAIs) [73] . In the adult, the PA/PAI system is involved in regulation of trophoblast invasiveness during the peri-implantation period in pregnant gilts [74] . How the PA/PAI system participates in cell-cell interactions or other organizational events associated with neonatal uterine development is unknown. Here, the increase in uterine PLAT expression observed in nursed as compared to replacer-fed gilts supports a role for changes in cell adhesion, identified by DAVID analysis, in uterine development. Activation of plasmin by PLAT results in direct breakdown of the ECM and/or indirect degradation of the ECM by MMPs [75] . The present results indicated that uterine MMP9 expression increased in response to nursing for 2 days from birth. This is consistent with earlier observations in the neonatal pig [76] . Also, uterine MMP7, localized to GE and LE in human endometrium [77] , was among the most highly expressed genes in the neonatal porcine uterus by PND 2. This increase in MMP7 expression may be explained, in part, by epithelial proliferation associated with uterine development at PND 2 [15] .
Results of this RNAseq analysis revealed both age-and lactocrine-sensitive elements of the neonatal porcine uterine transcriptome associated with development between birth and PND 2. Evidence for differential uterine expression of more than 3000 genes during this period provides substantial fuel for future investigations aimed at understanding mechanisms regulating uterine development. In addition, more than 800 uterine genes were differentially expressed in uterine tissues at PND 2 in association with imposition of the lactocrine-null condition from birth. In the present study, RNAseq analyses of the entire neonatal porcine uterine transcriptome were performed. Thus, a limitation of this study was that no cell compartment-specific information was obtained. Studies using laser microdissection indicated differential gene expression in porcine endometrial stroma and epithelium (LE and GE) as early as PND 2 [15] . Such studies, considered in light of present results, encourage investigation of developmentally related, global, cell compartment-specific gene expression, as reported for the mouse [78, 79] . This information will provide insight regarding gene expression events regulating postnatal uterine development.
